Abstract. This paper examines the complete crustal transition across the nonvolcanic, southwest Greenland continental margin of the Labrador Sea using wide-angle and coincident verticalincidence seismic profiles. Six ocean bottom seismometers and a sonobuoy record P and S wave first and multiple arrivals from the crust and upper mantle, which are analyzed by two-dimensional dynamic ray tracing and one-dimensional reflectivity modeling. The resulting seismic velocity model requires that the preexisting 30-kin thick continental crust is thinned abruptly to ~3 km across the continental slope, primarily by removal of the lower crust. Farther seaward, the crust thickens to -6 km primarily through the addition of a high-velocity (7.0-7.6 km/s) layer in the lower crust. This lower crustal layer is 4-5 km thick, extends for a horizontal distance of-80 km, and is interpreted as partially serpentinized upper mantle. It is overlain by a low-velocity (4.0-5.0 km/s), upper layer which is interpreted as highly fractured upper continental crust. Our model suggests fiat seafloor spreading did not start until chrons 27-28, 13 Ma younger than previously suggested. This interpretation is supported by two-dimensional modeling of gravity and magnetic data along the refraction line. Our results are consistent with a simple shear mechanism for the initial rifting, with the SW Greenland margin as the upper plate. However, a full characterization of the rifting mechanism must await comparison with a seismic model for the conjugate margin, east of Labrador.
The seafloor spreading history of the Labrador Sea is documented by magnetic anomaly lineations, with welldefined anomalies observed between chrons 21 and 27 [Srivastava, 1978; Roest and Srivastava, 1989 (Table 1) ; circle is sonobuoy F [Stergiopolous, 1984] . R/V MINNA 74 gravity and magnetic profile is nearly coincident with line R 2. The most significant feature of the profile is the topography of the basement. In general, the profile shows three zones of distinct basement topography, separated by two basement highs. From the shelf seaward, zone I with large tilted basement blocks probably represents stretched continental crust. At the seaward end of the line (zone 111), where magnetic anomalies 26 and 27 are located, reflection hyperbola from the basement are typical of oceanic crust. Zone II in between is characterized by a number of smaller tilted blocks and is interpreted as transitional crust.
As a First-order approximation, the stretching factor for the upper crust • is calculated based on the geometry of the tilted blocks in zones I and II following the method of Chenet et al.
[1983] (Figure 2) . In order to convert two-way travel times into depth, we measured the P wave velocities for each sediment layer from sediment-corrected ocean bottom seismometers (OBS) profiles, with reference to the onedimensional (l-D) modeling results from the sonobuoy data around ODP Site 646 . A It value of 2.2-3.0 is obtained in transition zone II which is slighfiy higher than the It value of 2.0 in zone I. The amount of stretching determined in this manner is typically less than the stretching of the crust as a whole. It is likely to represent only the extension in the most brittle layers of the upper crust [Le Pichon and Barbier, 1987] . The remaining extension may be accommodated by creep in the lower crust for depth-dependent pure shear models or low-angle faulting for simple shear models.
Wide-Angle Seismic Data and Modeling

Data
Seven OBS were deployed along line R 2, six of them (OBS B, C, D, F, and G) giving useful information. The OBS used along line R 2 record seismic signals from hydrophone and vertical and horizontal 4.5 Hz geophones on cassette tapes. These analog data were digitized and interpolated to a fixed sampling rate of 80 samples per second. Subsequent processing includes band-pass filtering (4-9 Hz for P waves and 2-8 Hz for S waves), clipping of high amplitudes, and gain that increases linearly with horizontal distance.
Since different recording channels sometimes respond differently to various seismic phases, we find that a sum of several channels is a useful way to present seismograms that demonstrate all prominent phases with just one figure. Before the summation, however, careful correction for the relative time difference between channels is necessary to maintain or enhance the coherency of major seismic phases. In addition, a coherency filter is applied to some of the profiles. This algorithm [Chian and Louden, 1992 ] is defined as a stack of a number of traces along an optimal phase velocity, which produces the maximum semblance within a moving time window of 0.15 s, followed by weighting with the normalized semblance (0-1). The coherency Filtering thus deemed can be used to enhance certain phases, particularly S waves, which are frequently entangled with P wave reverberations and multiples (Figure 3) .
Major constraints on the crustal velocity structure come from OBS B, C, and D, which provide the best data quality. The data from OBS E are of poorer quality, possibly due to increased noise from deepwater currents. OBS F and G, situated under shallow water (-200 m; Table 1), also give good seismic signals, but the seismic rays are severely distorted by the sharp shelf break and/or the Moho relief, making it difficult to extract crustal information. Because of the failure of OBS A, we used data from an older Sohobuoy profile [Stergiopolous, 1984] to help constrain the oceanic crustal structure. 
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Previous slope-intercept analysis of the reversed travel times [Stergiopolous, 1984] yielded similar velocity models, indicating a homogeneous structure along the line. In our reanalysis of Sohobuoy F, a full waveform record section ( Figure 4a ) was produced by digitizing the original shipboard FM tape recording. Horizontal ranges were calculated from direct or reflected water waves using an average water velocity of 1.486 km/s. Determination of the P and S wave vdocitydepth struc•e is based on forward modeling of the observed record section using 1-D ray tracing and full reflectivity synthetic seismograms (Figure 4b ). Complete velocity-depth values for this model are given in Table 2 .
Crustal P phases contain two separate amplitude maxima centered at 13-16 and 17-23 km, with relatively abrupt changes in phase velocity. To fit this pattern requires a blocky structure for the crust, with thicker units of low-velocity gradient at velocities of 5.5, 6.5, and 7.2 km/s, separated by higher gradient zones with variable thicknesses. The initial velocity gradient from 4.8 to 5.5 km/s is not well constrained, apart from the total travel time, on account of the interference of the water reflection with the ground wave. The linear gradient of 1.3 s -1 from 5.5 to 6.5 km/s creates the initial amplitude buildup in the refracted wave (P2), although at ranges slightly less than observed. The sharp discontinuity from 6.5 to 7.2 km/s creates the second-amplitude maximum from the wide-angle reflection (P3P), although it is not as abrupt or as strong as observed. The depth and velocity transition at the base of the crust is poorly constrained by modeling a third set of phases as Pm P with increasing amplitudes at ranges 27-30 kin. 
Two-Dimensional Modeling of OBS Data
Since significant lateral variations in seismic velocity are expected across the continent-ocean transition, we use 2-D dynamic ray tracing [Cerveny et al., 1977] for modeling the observed OBS data. The sedimentary struc•e and basement relief used in the modeling are derived from the coincident reflection data (see previous section). We tried two methods for describing the crustal structure. The first one divided the crust into several homogeneous layers using velocities obtained from sediment-corrected sections. The depth of each boundary was varied along the profile to match the observed travel times of crustal and mantle arrivals. This method generated strong wide-angle reflected energy which does not ',','",",,.',',•',,,', ,",',',, v,  •  ,, ,/•, ,, ,,,,,,,•,,,,,, .•,, ,, v ,, , . '", ........ ,,,, ,.,,,,.,, ,, ..... ,, ,. ,,,, ..... , ........  v .... ,,,,.,,. '., ,,",, ,, "' ,,.,.•.,,,. a,,,.,t/•..,•" . ,,,,,,....•,,.,,,, ,,., .,.,,,,.,,, ,.,.,,,,., ,,, .,,,, ,,. ,,. ,,,,.., ...,,,., ,i ..., , ,, . : N,'"',' ,,',,.,, , ,,  , ',",,,,, ", ,, ,., 
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We set the minimum crustal density as 2.40 g/cm 3 and the maximum as 3.30 gJcm 3. We assume a uniform mantle density (3.30 gJcm 3) and calculate gravity from blocks above •,,,,, .,, ,,, .,,.,,,,,.. ,., ,, ,,,..,• , ,,,• ,.,,,,•,. •,, , Figure 12 that the gravity contours follow velocity contours except for the leftmost 50 km of the profile. This exception is introduced because strict adherence to the velocity-density relationship used in the remainder of the model produces a calculated gravity curve for the leftmost 50 km which is --20 mGal higher than observed. An alternative for avoiding this misfit is to deepen the Moho from 12 to 13 km west of OBS B. While this change of Moho is within the error bounds of our data, it is not supported by any other deep seismic data in the basin.
It can be seen from
Discussion
The
Seismic Model
The seismic model shown in Figure 10a represents the complete crustal transition across the SW Greenland continental margin. A gross feature of the model is that it can be divided into three distinct zones, similar to those previously identified from basement morphology. In zone I, the 30-kin preexisting continental crust is thinned abruptly to a thickness of only -3 km under OBS E. . .,,,, .... ,, ,,, .... ,....,; ......... , .... ,, . ,', .... ' ...... ,,.,", .... . ",,,"",,. ,,I'"', ,",',  ..... , ....... •" .... ',,,,'.',  .' .... , ,,, ",,' ", •,,,, ',, ". .,,, '.,..,,. , .. :,.....,,.... ,,.,..,,;:?,.,. , ,,,•.,, [,-,,:' ,., ......... ;: ........ ,.,.. ,, .:,,,, ,, ,. ;, ,, .', ,,, ,,., ,,, ,, , ,, ,, ',, ,  ,,, , ,,, ,, ,, , .... ,,, . "",,,%" ..... ,,,'",.'4 ,.,, ..... :, ,,.. ,',...-- "'1 '• .,,,,,, . ,' ,,,:,,,,,, ',,,',1,, ...... ,,,, ., [Christensen, 1966] . Therefore the velocities alone are not able to definitely distinguish between an underplated melt (i.e., high-Mg mafic gabbro) and serpentinized upper mantle minerologies.
Undercrusted Serpentinite or Magmatic Underplating?
High-velocity lower crust has been found on other nonvolcanic, rifted continental margins, but its lithology and mechanism of formation are similarly not clearly determined. For example, on the western margin of Iberia the lower crust near the proposed COB has anomalously high velocity (7.3-7.6 km/s) and a small thickness (2-3 km). This has been interpreted either as underplated melt [Whitmarsh et al., 1990] or as serpentinite [Boillot et al., 1992] . Farther south in the Tagus Abyssal Plain, even higher velocities (7.6-7.9 km/s) for the lower crust are interpreted as serpentinites [Pinheiro et al., 1992] . On the conjugate margin off Newfoundland, refraction data on the southern Grand Banks show a thin, highvelocity (7.2-7.7 km/s), lower crust interpreted as serpentinite [Reid, 1994] . A similar high-velocity, lower crust is observed on the southern [Todd and Reid, 1989] 
